Introduction
Teaching Environmentally Benign Manufacturing (EBM) presents the general challenges of teaching an application rather than a discipline. This is not too different from the challenges of teaching manufacturing about ten years ago. In that case we could rely heavily on successful practice and then develop principles to explain those successes. The principal success at that time was the Toyota Production System. Even today people continue to observe and write about why it works and its limitations [1, 2, 3] .
In the case of EBM, other than the real successes of many end of pipe solutions, many of the current ideas (LCA, DFE, Eco-efficiency, ecoindustrial parks etc.) have yet to offer convincing proof that they actually work 1 . Hence, without too much exaggeration, there is neither theory nor much reliable practice to teach. (This point of view is discussed in more detail in the last section of this paper.) There is however, a real and very important problem that we face as a society. This suggests that what we really have is a research problem, and that teaching should follow a research model. This should include open discussion, critical review of ideas and the generation and testing of hypotheses. Hence the teaching of EBM is an excellent opportunity to teach about research and critical thinking in a systems setting.
Teaching EBM at MIT
The EBM subject at MIT (2.83 in Mechanical Engineering) is a first level graduate subject with a few advanced undergraduates. On the order of half of the graduate students are from the "Leaders for Manufacturing" (LFM) Program that offers both an MBA and a Masters in Engineering. These students are usually older with 3 to 5 years of industrial experience.
The course is centered around an individual term long mini-research project. These projects can be on almost any topic concerning manufacturing and the environment, but the student must generate and attempt to test a hypothesis. This is a challenging task that requires considerable background investigation, as well as data collection and varying amounts of supervision. Some of the fundamental lessons students learn during this exercise are:
1)
A hypothesis requires a theory, and a theory requires considerable background work.
2) The testing of an hypothesis requires an experimental plan and data. Data gathering in this area is often a very difficult part of the problem.
3) The issues in EBM are often so complex that one needs to use the work of others. This brings up the basic issues of trust, integrity, and communication. In the end the student may only reach the point of hypothesis generation. This is perfectly acceptable provided the key lessons mentioned above are learned along the way.
The student projects for the last three years are listed below. It has been only in the last year that hypothesis generation has been a project requirement. Class time in 2.83 is spent motivating the project, and in providing the background materials for conducting the research projects. This is usually done through discussions on various readings and the presentations of invited guests. The more experienced students help enormously with these discussions. Many of them have already had relevant industrial experience including working at Ballard, the Rocky Mountain Institute, and Russian oil fields. The challenge is to help the less experienced students to participate.
Student Projects
The readings are chosen to cover basic material, provide alternative points of view, to provide tools, and to stimulate. Unfortunately there is no textbook on EBM, but there are several basic references, which are listed in the readings below. We also include classics, such as "The Tragedy of the Commons" by Gareth Hardin, and foils such a "The Skeptical Environmentalist" by Bjorn Lomborg. Because this area is changing, the reading list changes too. The topics covered are:
1)
The human impact on the environment, with an emphasis on sources and sinks and natural and anthropogenic cycles [4, 5, 6, 7].
2)
The connection between these impacts and manufacturing, narrows our focus primarily to material flow related impacts [8, 9, 10, 11].
3)
How to measure progress, raises many issues including alternatives to GDP, the difference between progress at a company and progress at the environment, the need to convey complex information to the public etc. [12, 13, 14, 15].
4)

Materials flows and life cycles, gets
into the details of the life cycle of materials and products [8, 9, 16, 17].
5)
Life cycle analysis of products and processes, presents LCA. [18, 19, 20, 21, 22 , 23].
6)
New industrial paradigms, compares visions, business practices, and environment results [24, 25, 26, 27, 28] .
7)
Consumption, looks at our material life styles, our needs and motivations to consume, and the material intensity of various economic sectors [29, 30, 31, 31] .
8)
Recycling, remanufacturing and reuse, looks at various sustainable paradigms, the incentives and barriers, recycling technologies, and tools to make products more sustainable [33, 34, 35, 36] .
9)
Energy, looks at our current sources and the alternatives and outlines what is needed [7, 37, 38, 44, 45] .
EBM as a Research Topic
The view presented in this class is that EBM is a discipline in the making. The idea that previously developed tools such as DFA, DFM, Lean Manufacturing, supply chain management, inventory control, quality control, and cost analysis, etc could be modified and applied to Green Manufacturing is explored, and the appropriate counterparts are presented. However, the essential differences between EBM and current manufacturing are also highlighted. The most important difference is that the system boundaries are not the same. EBM seeks to address a much wider range of stakeholders whose interests are not only economic. These differences alone bring up a host of issues which challenge our conventional decision making scheme. At the heart of the matter is the absence of the "invisible hand". The "invisible hand" as proclaimed by Adam Smith, ensures that an individual acting in her own self interest, will contribute to a system that improves everyone's well-being [43] . Unfortunately, this dynamic may now be replaced with the "tragedy of the commons" dynamic that places personal interests and commons interests in opposition [10] . This situation can be changed by policy, economic incentives and other means, but it raises the specter of a conflict that was not perceived in the conventional manufacturing system, and for which our engineers are poorly trained. Hence, there is a social responsibility aspect to the problem.
Secondly, the larger system boundaries make the connection between engineering actions and systems response less obvious. In fact, many of the engineering actions which are encouraged by well meaning "green principles" can result in at best no improvement and worse, unintended environmental degradation. Specifically, ecoefficiency may in fact drive more consumption 2 , recycling targets can produce system chaos 3 , and lead bans in electronic solders could actually result in unearthing more lead, not less 4 . These examples of unexpected consequences are all system effects that challenge conventional engineering thinking. This means that well intended actions at the enterprise level may not produce the expected results. This problem is particularly true in the area of sustainability. Until we develop better insight into these issues, with attendant concepts, principles and tools, EBM should be treated as an application rather than a discipline. 
